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ABSTRACT 
The tools of geodesy have the potential to transform the 
Ocean Observing System. Geodetic observations are 
unique in the way that these methods produce accurate, 
quantitative, and integrated observations of gravity, 
ocean circulation, sea surface height, ocean bottom 
pressure, and mass exchanges among the ocean, 
cryosphere, and land. These observations have made 
fundamental contributions to the monitoring and 
understanding of physical ocean processes. In particular, 
geodesy is the fundamental science to enable 
determination of an accurate geoid model, allowing 
estimate of absolute surface geostrophic currents, which 
are necessary to quantify ocean‟s heat transport. The 
present geodetic satellites can measure sea level, its 
mass component and their changes, both of which are 
vital for understanding global climate change. 
Continuation of current satellite missions and the 
development of new geodetic technologies can be 
expected to further support accurate monitoring of the 
ocean. The Global Geodetic Observing System (GGOS) 
of the International Association of Geodesy (IAG) 
provides the means for integrating the geodetic 
techniques that monitor the Earth's time-variable surface 
geometry (including ocean, hydrologic, land, and ice 
surfaces), gravity field, and Earth rotation/orientation 
into a consistent system for measuring ocean surface 
topography, ocean currents, ocean mass and volume 
changes. This system depends on both globally 
coordinated ground-based networks of tracking stations 
as well as an uninterrupted series of satellite missions. 
GGOS works with the Group on Earth Observations 
(GEO), the Committee on Earth Observation Satellites 
(CEOS) and space agencies to ensure the availability of 
the necessary expertise and infrastructure. In this white 
paper, we summarize the community consensus of 
critical oceanographic observables currently enabled by 
geodetic systems, and the requirements to continue such 
measurements. Achieving this potential will depend on 
merging the remote sensing techniques with in situ 
measurements of key variables as an integral part of the 
Ocean Observing System. 
 
1. INTRODUCTION 
The guiding thesis of this white paper is that the tools of 
geodesy have the potential to transform the Ocean 
Observing System. Geodetic observations are unique in 
the way that they produce accurate, quantitative, and 
integrated observations of gravity, ocean circulation, sea 
surface height, ocean bottom pressure changes, and 
mass exchanges among the ocean, cryosphere, 
atmosphere and land. Specifically, we use continuously 
operating satellite altimetry and spaceborne gravity 
sensors to measure time series of sea surface slope and 
ocean bottom pressure variations and thus infer ocean 
circulation and mass distribution variations over a broad 
continuum of temporal and spatial scales. Achieving 
this potential will depend on merging the geodetic 
techniques with in situ measurements of key variables 
as an integral part of the Ocean Observing System. 
The innovative capabilities of geodesy, as exemplified 
by the Global Geodetic Observing System (GGOS,  
Tab. 1 [46]) of the International Association of Geodesy 
(IAG), include the determination of the Earth's mean 
and time-dependent geometric shape, gravity field, 
rotation/orientation, and terrestrial reference frame. 
Combining the geometric methods with global gravity 
observables allows for the inference of mass anomalies, 
and mass transports within the Earth's system. The 
variations in Earth rotation and polar motion reflect both 
mass transports in the Earth system and the exchange of 
angular momentum among its components. The study 
areas of geodesy are therefore highly relevant to ocean 
observations, as they directly relate to ocean dynamics, 
and changes in ocean mass and sea level [4]. Changes in 
mass are directly related to water mass exchanges 
among the ocean, cryosphere, and hydrosphere [55]. 
GGOS provides the global terrestrial reference frame (in 
the form of the International Terrestrial Reference 
Frame, ITRF 2008 http://itrf.ensg.ign.fr), which is 
mandatory for most Earth observations. The accuracy 
and long-term stability of ITRF are crucial to many 
ocean observations, and in particular, critical to 
accurately measuring global sea level rise.
  
Table 1: The Global Geodetic Observing System (GGOS). VLBI: Very Long Baseline Interferometry; SLR: Satellite 
Laser Ranging; LLR: Lunar Laser Ranging; GNSS: Global Navigation Satellite Systems; DORIS: Doppler 
Orbitography and Radio positioning Integrated by Satellite; InSAR: Interferometric Synthetic Aperture Radar; IGS: 
International GNSS Service; IAS: International Altimetry Service; IVS: International VLBI Service for Geodesy and 
Astrometry; ILRS: International Laser Ranging Service; IDS: International DORIS Service; IERS: International Earth 
Rotation and Reference Systems Service; IGFS: International Gravity Field Service; GGP: Global Geodynamics 
Project; BGI: International Gravimetric Bureau; IGeS: International Geoid Service. Modified from [46, Ch. 2] 
The geodetic tools we discuss here relate primarily to 
altimetry  and  gravimetry  (components 1 and 3 of  
Tab. 1). Satellite radar altimetry is an established 
technique for observing ocean surface height (or shape), 
its variability, and sea level change. For long-term 
ocean and climate studies (e.g. sea level rise), a series of 
TOPEX (Topography Experiment)/Jason-class repeat 
track radar altimetry satellite missions is a critical 
requirement. Data from non-repeat satellite altimetry 
missions have been used to generate a map of global 
ocean bathymetry with unprecedented accuracy and 
resolution, which can be applied to many areas of 
geophysics and oceanography, including ocean general 
circulation modelling.  Satellite altimeter missions such 
as CryoSat-2 (Cryosphere Satellite) are important to the 
monitoring of the cryosphere and ice-covered oceans, 
and the planned Surface Water and Ocean Topography 
(SWOT) wide-swath synthetic aperture radar 
interferometry (InSAR) altimetry mission is intended 
for the mapping of high spatial resolution oceanic sub-
mesoscale variability and surface water hydrology. 
Satellite gravimetry is complementary to satellite 
altimetry. A new generation of missions has been 
established, starting with the CHAllenging Minisatellite 
Payload for Geophysical Research (CHAMP, launched 
in 2000), the Gravity Recovery And Climate 
Experiment (GRACE, 2002), and the Gravity field and 
steady state Ocean Circulation Explorer (GOCE, 2009) 
satellite missions. GOCE is designed to improve 
knowledge of the Earth's static gravity field and geoid, 
and will map the global geoid and gravity field with 
unprecedented accuracy (1–2 cm in geoid, at 100 km), 
as a reference for ocean circulation studies and sea level 
research. Accurate knowledge of the geoid combined 
with altimeter observations of sea surface height will 
enable quantification of general ocean circulation. 
GRACE is primarily aimed at observing the temporal 
gravity field caused by mass redistribution in the Earth 
system. These mass changes include the circulation of 
the atmosphere and ocean, changes in land hydrology, 
deglaciation, glacial isostatic adjustment, co-seismic 
and post-seismic earthquake deformations.  
2. MUCH BEAUTY IS SKIN DEEP: SEA 
SURFACE TOPOGRAPHY, CIRCULATION, AND 
SEA LEVEL RISE 
Satellite altimeters provide means for monitoring both 
short-and long-period temporal variations in sea surface 
height globally. The most important altimeters for sea 
level studies are those of TOPEX/Jason class that are 
not in Sun-synchronous orbits or alias signals associated 
with tides or the Sun into extremely long periods. These 
instruments provide sea surface height observations 





Shape and temporal variations of 
land/ice/ocean surface (plates, intra-
plates, volcanoes, earthquakes, glaciers, 
ocean variability, sea level) 
Altimetry, InSAR, GNSS-
cluster, VLBI, SLR, DORIS, 
imaging techniques, levelling, 
tide gauges 
International and national 
projects, space missions, IGS, 
future International Altimeter 
Service, or InSAR service 





Integrated effect of changes in angular 
momentum and moment of inertia 
tensor (mass changes in atmosphere, 
cryosphere, oceans, solid Earth, 
core/mantle; momentum exchange 
between Earth system components)  
Classical astronomy, VLBI, 
LLR, SLR, GNSS, DORIS, 
under development: terrestrial 
gyroscopes 
International geodetic and 
astronomical community (IERS, 
IGS, IVS, ILRS, IDS) 
III. Gravity field  Geoid, Earth's static gravitational 
potential, temporal variations induced 
by solid Earth processes and mass 
transport in the global water cycle. 
Terrestrial gravimetry (absolute 
and relative), airborne 
gravimetry, satellite orbits, 
dedicated satellite missions 
(CHAMP, GRACE, GOCE)  
International geophysical and 
geodetic community (GGP, IGFS, 
and its associated IAG Services, 
such as IGeS, BGI, etc.) 
IV. Terrestrial Frame Global cluster of fiducial points, 
determined at mm to cm level  
VLBI, GNSS, SLR, LLR, 
DORIS, time keeping/transfer, 
absolute gravimetry, gravity 
recording 
International geodetic community 
(IERS with support of IDS, IGFS, 
IGS, ILRS, and IVS)  
 with accuracies of a few cm, and they can be used to 
estimate the rate of global mean sea level rise to an 
accuracy of 0.3 mm/year [8] after extensive calibration 
efforts and comparison with independent observations. 
When altimeter data are compared and merged with in 
situ instrumentation provided by various coastal and 
offshore tide gauges (including GNSS (Global 
Navigation Satellite Systems)-equipped ocean buoys), 
they approach a coherent, worldwide monitoring system 
for sea level change [23]. The continuity of such a 
system, together with a number of complementary Earth 
observation systems, is clearly a community priority 
[61]. 
Satellite altimetry has significantly enhanced our 
knowledge of the ocean. For example, satellite altimetry 
has enabled the construction of global barotropic ocean 
tide models with cm accuracy in the deep ocean [14] 
and has demonstrated its potential to observe internal 
tides [50]. These observations have resulted in improved 
estimates of energy dissipated by tides throughout the 
deep ocean [39].  Radar altimetry has been used to 
observe evolutions in global mesoscale variabilities and 
ocean circulations throughout the ice-free ocean [64] 
and has been used to estimate changes in transports of 
the Antarctic Circumpolar Current [22].  
The quasi-steady state of the surface geostrophic 
circulation is provided via the mean dynamic ocean 
topography (MDOT) determined from an altimetry-
derived mean sea surface (MSS) minus the geoid. The 
geoid is an equipotential surface and a unique reference 
from which to determine the absolute topography, 
compared with the relative topography that comes from 
in situ hydrographic profiles [63]. This means that the 
sea surface, as a level of known motion measured by 
altimetry, can be used to determine geostrophic currents 
at any depth, without requiring a velocity (or 
assumption of a velocity) at a subsurface level. Studies 
by [35] and [51] have demonstrated significant 
improvement of spatial resolution of the MDOT when 
in situ drifter data are added compared to the MDOT, 
which are based only on the GRACE-derived geoid and 
satellite altimetry data (Fig. 1). In turn, estimates of 
MDOT, based on drifters and hydrography greatly 
benefit from altimeter data, which reduces sampling 
error on small spatial scales, and the GRACE-derived 
geoid, which provides information at large scales. 
Earlier  
 
Figure 1. Maps of mean dynamic ocean topographies calculated for the period 1993–2002 from the GRACE gravity 
and satellite altimetry mean sea surface (top panel) and with added drifter-based technique of [35] (bottom panel). 
Contour interval is 10 cm. 
 
MDOT models, based only on drifters [41], were found 
to be biased in the Indian Ocean. This was due to an 
error in the correction for Ekman currents required to 
extract geostrophic currents from drifter trajectories 
[34]. Velocity observations, converted into the 
horizontal gradient of sea level, add the scales smaller 
 than the ones resolved by the current model of the 
geoid, so that the combined products (Fig. 1b) better 
describe many complex current systems associated with 
sharp fronts.  At present, the GRACE mean geoid model 
is accurate at 1–2 cm level at 200 km (half-wavelength). 
The anticipated geoid model from GOCE is expected to 
have a similar accuracy but at a much finer wavelength 
of 100 km. Therefore, further improved accuracy of 
MDOT is expected in the near future [29]. 
The observation of the mesoscale and sub-mesoscale 
variability and geostrophic currents requires either an 
extensive constellation of nadir-pointing altimeters, or, 
optimally using at least one wide-swath instrument, 
such as the SWOT Mission [1], [15] and [16].  Such 
instrumentation is also required for the more complete 
exploitation of altimetry in coastal areas [11], and 
global surface water hydrology [1]. The observations of 
total land (including ice-sheets, mountain glaciers and 
ice caps) water storage change, or the absolute water 
storage exchange between the land/ice surface and the 
ocean, are critically important to quantify the freshwater 
budget and its effect on general ocean circulation and 
global sea level change [7], [30] and [36]. The cited 
studies address the former quantity, i.e. land storage 
change, which is demonstrated to be potentially 
quantifiable at the appropriate temporal and spatial 
resolutions by GRACE, satellite altimetry and 
hydrography data including Argo. 
In coastal areas, which are often densely populated, 
geodetic techniques (e.g. tide gauges, GNSS, DORIS 
(Détermination d‟Orbite et Radiopositionnement 
Intégrés par Satellite)) are crucial for monitoring 
changes in sea surface height and land surface height. 
Such observations provide critical constraints on models 
of the local, regional, and global processes that drive 
local sea level change. In the long term, these 
observations will be a crucial component of information 
required by decision and policy makers for mitigating 
and adapting to the coastal impact of climate change 
[47] caused by regional and global sea level rise [8]. 
3. GETTING TO THE BOTTOM OF THINGS: 
OCEAN BOTTOM PRESSURE, INTERMEDIATE-
DEPTH CIRCULATION, AND OCEAN HEAT 
STORAGE 
A basic tenet of measurement theory is to avoid 
wherever possible measuring a small signal as the 
difference of two large signals. Of the triad: sea level, 
density, ocean bottom pressure (OBP), the smallest 
signal is OBP [3], making it particularly attractive to 
monitor this quantity directly. Gradients of the ocean 
bottom pressure across major currents determine bottom 
geostrophic currents and can be used to infer variations 
in barotropic mass transport. In situ OBP sensors tend to 
have slowly varying datum fluctuations, which make 
determining long-term changes in transport difficult. 
Multi-year time series of OBP is difficult to obtain and 
most in situ measurements have typically been restricted 
to deployments of one year at a limited number of 
locations, although with present-day technology it is 
possible to deploy for 2 to 5 years; see e.g. [22], [37]. 
[44] and [62]. Consequently, long time series are only 
obtained by redeploying instruments at the same 
location. The combination of short time records for each 
instrument and their different drifts makes studying 
interannual and longer variability difficult or nearly 
impossible.  
At present, GRACE measures the global time-variable 
gravity field with monthly sampling (or finer) and 
spatial scale as fine as 250 km or longer, depending on 
latitude and location. The ocean measurements have 
lower signal-to-noise ratios than the measurements over 
land or ice-sheets. GRACE has yielded monthly maps 
of mass changes since April 2002. These data can be 
used to infer time-variable ocean bottom pressure on 
similar time- and space–scales; see e.g. [26] and [55]. 
The accuracy of measurements yields suitable signal-to-
noise ratios at mid to high latitudes [5], [12] and [38]. 
Because GRACE data are global, one can compute 
transport variability across a much larger area, and 
determine how the transport is changing from one area 
 
  
Figure 2. Seasonal averages of the monthly GRACE (Rel. 4, 300 km radius Gaussian filter) Arctic Ocean bottom 
pressure anomalies in cm water equivalent from August 2002 to May 2008, relative to the temporal mean from 2003 to 
2006 [44]. 
to another, as [6] and [65] have done for the Antarctic 
Circumpolar Current. Because of the long, nearly 
continuous record, GRACE data have also been used to 
demonstrate significant low-frequency fluctuations in 
OBP: in the Arctic at seasonal [44] (Fig. 2) and 
interannual  [38]  time-scales  in  the North Pacific 
(Figs. 3 and 4) [53] and [10] that are likely related to 
transport changes and ENSO (El Niño/Southern 
Oscillation) events; and in the Southern Ocean [28] that 
dominate sea level change. However, the use of 
GRACE data to study changes in large-scale, low-
frequency volume transport has not yet been fully 
exploited The gradient of OBP fluctuations and the near 
bottom currents they produce are directly related to 
changes in sea surface elevation only in a barotropic 
flow, where pressure gradients are uniform with depth 
and directly relate to mass transport variations. 
However, the relationship is not so simple in a 
baroclinic environment, where changes in pressure 
gradients occur due to spatial differences in temperature 
and/or salinity, which vary with depth. In fact, model 
results suggest that at long time-scales OBP is strongly 
related to density variations that induce baroclinic 
currents [54] and [38] (Fig. 5). Thus to properly resolve 
fluctuations in the transports of mass, heat, and 
freshwater, one must combine GRACE with altimetric 
data and in situ measurements of T and S (Temperature 
and Salinity), from either hydrography or Argo floats.  
Although the Argo program is now making global 
monthly observations of upper ocean temperature and 
salinity at a resolution of about 3°, combinations of 
satellite altimetry and GRACE data to estimate changes 
in steric sea level and heat storage (see e.g. [9] and [26]) 
may prove to be important. The Argo floats give 
accurate measures of the temperature and salinity 
profile for a particular location in the ocean. This will 
include both the long-wavelength signal as well as 
signals from very short-wavelength fluctuations, such as 
eddies. In some areas of the ocean (notably the western 
boundary currents and the Antarctic Circumpolar 
Current), small-scale, energetic eddies can obscure the 
  
Figure 3. GRACE-observed Ocean-Bottom-Pressure oscillation in North Pacific is shown to link the tropical ENSO and 




Figure 4. GRACE-observed ocean bottom pressure variations in North Pacific compared with steric-corrected (Argo) 
satellite altimetry [10]. 
  
Figure 5. Bottom pressure at the North Pole from GRACE Releases 1 and 4 along with averages of in situ Arctic 
Bottom Pressure Recorder records. Absolute values are arbitrary and have been set to zero for Release 4. Other record 
averages are matched to Release 4. The interannual trends in steric pressure anomalies due to ocean mass changes 
from upper ocean hydrographic observations account for a significant part of the GRACE trends and in agreement with 
[38], [53] and [54]  
longer wavelength signal. The distribution and number 
of floats will never be sufficient to fully reduce this type 
of aliasing. 
Although the Argo program is now making global 
monthly observations of upper ocean temperature and 
salinity at a resolution of about 3°, combinations of 
satellite altimetry and GRACE data to estimate changes 
in steric sea level and heat storage (see e.g. [9] and [26]) 
may prove to be important. The Argo floats give 
accurate measures of the temperature and salinity 
profile for a particular location in the ocean. This will 
include both the long-wavelength signal as well as 
signals from very short-wavelength fluctuations, such as 
eddies. In some areas of the ocean (notably the western 
boundary currents and the Antarctic Circumpolar 
Current), small-scale, energetic eddies can obscure the 
longer wavelength signal. The distribution and number 
of floats will never be sufficient to fully reduce this type 
of aliasing.  
More importantly, the combination of altimetry and 
GRACE should more accurately represent the long-
wavelength steric sea level. Thus, the altimetry-GRACE 
combination will be important as a fundamental 
reference to which information from the Argo floats can 
be added. In addition to the difference in horizontal 
resolution, there is a difference in vertical sampling. The 
current array of Argo floats only take measurements to a 
depth of 2,000 m, meaning there are several thousand 
meters of ocean depth not covered in many areas. The 
combination of GRACE and altimeter measurements, 
however, represents temporal changes in the vertical 
integral of density from the surface to the ocean floor.  
It may therefore be possible to detect changes in the 
deep ocean by combining all three data sets. While most 
seasonal to interannual fluctuations will be confined to 
the upper 1,000 m of the ocean, there is evidence that 
temperature fluctuations on periods of 10-years or more 
can occur in the deep ocean below 2,000 m [32]. 
Furthermore, sampling of the deep ocean has 
historically been inadequate [20] and there is currently 
no plan for comprehensive in situ sampling of the deep 
ocean.  In   addition,   there  are  issues  involving 
depth-dependent instrument biases in XBT (XBT 
(Expendable Bathythermograph) and MBT (Mechanical 
Bathythermograph) data and various investigators have 
different estimates of (upper) ocean warming and the 
 corresponding thermosteric sea level rise. Estimates of 
thermal expansion of the upper ocean vary for the last 
50 years from 0.24 mm/yr to 0.6 mm/yr [2], [13], [20] 
[25] and [56]. 
Separating the globally averaged sea level rise into its 
two key components, water mass addition and density 
changes, allows for a comparison of the global water 
budget with estimates of ice melt from glaciers and ice 
sheets. This is a very difficult computation, which is 
complicated by the correlation of the spatial and 
temporal characteristics of some of the contributions.  It 
requires extreme accuracy [7], [31], [33], [43], [45] and 
[57], and current estimates disagree at the ~1 mm/yr 
level. However, much of this is related to the glacial 
isostatic adjustment (GIA) forward models that are used 
as correction to the GRACE data and the short time 
series available for the study. These GIA models, 
expressed in terms of oceanic mass variations, have an 
averaged signal of 1–2 mm/yr over the ocean, indicating 
significant discrepancy depending on the choice of the 
model. In addition, the models also predicted a 
correction on the same magnitude as the observed 
GRACE ocean mass signals.  With longer time series 
and other geodetic measurements, there is  potential to 
improve GIA models.  Also, since GIA corrections are 
quite large for GRACE but not for altimetry, long time-
series of altimetry, GRACE, and Argo can be used to 
evaluate different GIA models. Here again, the 
combination of GRACE, altimetry and Argo floats is a 
novel approach to provide an improved quantification of 
the state of the ocean.  Moreover, geodetic observations 
(including GRACE, gravimetry, laser and radar 
altimetry, and InSAR and Wide-Swath altimeters) also 
provide the means to determine mass changes in the ice 
sheets, glaciers and land water storage and discharge. In 
fact, the geodetic techniques are crucial in establishing a 
global mass balance in the water cycle as an additional 
constraint for changes in the ocean mass. 
Geostrophic ocean currents reflect a balance between 
pressure gradients and the Coriolis force. While surface 
geostrophic currents, which have both baroclinic and 
barotropic components, are defined by the dynamic 
surface topography, below the sea surface. The 
baroclinic component due to horizontal density 
gradients tends to diminish the currents and turn their 
direction with depth. Combining the recently available 
high-quality MDOT with satellite altimetry and CTD-
profiles from more than 3,000 Argo floats now allows 
one to derive the absolute dynamic height (ADH) and 
assess geostrophic currents in the upper 2,000 meters of 
the ocean.  This is an idea first proposed nearly 30 years 
ago [63], demonstrated during the World Ocean 
Circulation Experiment (WOCE) using hydrographic 
data [17], and that is now possible in part due to the 
innovative geodetic satellite missions and techniques, in 
particular from the contribution of GOCE to the 
improved quantification of the absolute general ocean 
circulation [29]. Recently, a preliminary monthly 
gridded dataset was made available at the Asia-Pacific 
Data Research Center (APDRC). Of particular interest 
are the studies of the vertical structure of baroclinic 
currents [57] and [58]. 
4. EMERGING GEODETIC TECHNOLOGY & 
CHALLENGE SATELLITE ALTIMETRY: 
Because of its enormous value for ocean monitoring, 
altimetry will become part of operational satellite 
systems such as the Jason series and the Sentinel series 
of European Union/European Space Agency (EU/ESA) 
Global Monitoring for Environment and Security 
(GMES) [60]. Significant new technology developments 
include the Delay/Doppler altimeter [50] with an earlier 
version of the instrument design, the 
SAR/Interferometric Radar Altimeter (SIRAL) system 
onboard of the CryoSat mission, and the wide-swath 
InSAR radar altimetry instrument, onboard of SWOT. 
An emerging technique is GNSS reflectrometry, i.e. the 
analysis of the travel time of signals emitted by GNSS 
satellites, reflected at the ocean surface and received in 
airplanes or low orbiting satellites. A number of groups 
are currently investigating the accuracy of such a 
measurement concept. First results look promising but 
the technique is far from being well established. 
Satellite gravimetry: GRACE is currently providing 
very accurate monthly time series of changes in the 
Earth‟s wavelength gravity field. This adds a new – and 
very central – parameter set to the study of global 
change phenomena such as de-glaciation in the large ice 
shields of Antarctica and Greenland, sea level rise, or 
the variations of the global water cycle.  GOCE will 
deliver a global static gravity field and geoid with 
unprecedented accuracy and spatial resolution. It will in 
particular serve as reference for global ocean circulation 
studies by altimetry. 
To  completely  understand  the physical processes of 
the Earth under a warming climate, continuous 
measurements of gravity changes in the form of an 
ongoing  series of satellites are necessary. Workshops 
on   the  future  satellite  gravimetry  missions  were 
held at ESA/ESTEC (European Space Research and 
Technology Centre) [27], and at the Technische 
Universität  Graz  in  2007   and  2009,   respectively. 
To facilitate  a  long-term  commitment  to  satellite 
gravity missions, the 2009 Graz workshop 
(http://www.igcp565.org/workshops/Graz.) was co-
organized by IAG/GGOS and Global Earth Observation 
(GEO) in cooperation with Space Agencies to formulate 
and agree on a roadmap for future gravity satellite 
missions.  The Workshop participants agreed on a 
roadmap for future gravity satellite missions. The 
strategic target for this roadmap is to accomplish “a 
 multi-decade, continuous series of space-based 
observations of changes in the Earth's gravity field 
begun with the GRACE mission, and leading, before 
2020, to satellite systems capable of monitoring 
temporal gravity field from global down to regional 
spatial scales and on time scales of two weeks or 
shorter.  This data set will contribute to an integrated 
and sustained operational observing system for mass 
redistribution, to monitor natural hazards and their 
potential early detection, to support global water 
resource management, and to improve understanding of 
climate change.” 
In addition, the Graz Workshop participants supported 
the idea of a GRACE stopgap or continuity mission 
based on the present GRACE technology, with 
emphasis on the continuation of time series of global 
gravity changes with a minimum gap.  Current estimate 
for the end of the GRACE mission is 2013, requiring a 
high priority GRACE Continuity satellite mission 
launch soon after that time, e.g. ~2015. The U.S. NRC 
Decadal Survey lists the GRACE follow-on (laser 
interferometry) as one of its recommended missions for 
the next 15 years, but in the 2017–2020 time frame. 
This would mean a gap of 5–8 years in time variable 
gravity and OBP, with unacceptable negative impacts 
on all scientific objectives and applications described 
above. If this delay occurs, we will have to rely on 
optimum use of a greatly expanded program of in situ 
observations.  
The medium term priority should be focused on higher 
precision and higher resolution gravity in both space 
and time. This step requires (1) the reduction of the 
current level of aliasing of high-frequency geophysical 
signals including ocean tides and atmosphere loading 
into the gravity field time series (2) the mitigation of 
geographically-correlated high spatial frequency 
distortions (caused primarily by the peculiar non-
isotropic sensitivity of a single pair of low-low SST 
(Satellite to Satellite Tracking) measurement system and 
(3) the improvement of the separability of the observed 
geophysical signals. Elements of a strategy in this 
direction are the use of two or more pairs of satellites, 
probably with one pair in a moderate inclination orbit, 
and efforts to improve the background models, for 
example, perturbations on the satellites due to 
atmosphere loading and ocean tides. This will open the 
door to an efficient use of improved sensor systems, 
such as laser interferometry ranging systems and active 
angular and drag-free control systems. Other 
experimental and longer-term sensor technologies that 
potentially shows promise for gravity observations 
include cold-atom quantum gravity sensors and ultra-
stable clocks.  The various geodetic techniques and their 
maturity level and future challenges are summarized in 
Tab. 2. 
 
Technique Maturity Challenges 
Satellite radar altimetry Established cm-orbits, ionosphere, EM bias 
GRACE Continuity Established De-aliasing, improvement of background models 
Wide-swath altimetry New Technology Processing of InSAR altimetry data, EM bias 
GRACE Follow-on New Technology Laser link, drag-free, de-aliasing 
GNSS reflectometry Experimental Processing of reflected signals, receivers, antennae  
Table 2: New geodetic satellite techniques for oceanography 
5. PROPOSAL FOR INTEGRATION OF GGOS 
INTO THE OCEAN OBSERVING SYSTEM 
Historically, oceanography has suffered from 
observations that are too sparse in space and time to 
give a clear picture of the ocean environment. We feel 
the new remote sensing tools of geodesy, when 
combined intelligently with in situ measurements of 
the Ocean Observing System, have the potential to 
make a transformative leap in the breadth and detail of 
our observations. With these tools, we can potentially 
measure deflection of the sea surface and ocean bottom 
pressure to infer circulation and mass distribution over 
a broad continuum of temporal and spatial scales. 
Furthermore, these same satellite tools provide 
observables of the cryospheric, hydrologic and 
geodynamic mass changes of the Earth with a global 
perspective that no other observational systems could 
provide. 
Utilizing the full potential of the geodetic technologies 
requires integration of altimetry and gravimetry, and 
this is one of the key objectives of GGOS.  GGOS 
plays an important role in bringing the global geodetic 
activities into the ocean observing system. GGOS 
represents IAG as Participating Organization in GEO 
and other international activities [46], and these links 
can be explored to raise awareness of the geodetic 
contribution and make the geodetic observations and 
products available to the ocean observation 
community. An example illustrating this contribution 
of the geodetic ocean observing system could be the 
monitoring of the Atlantic Meridional Overturning 
Circulation (AMOC) to study its potential weakening 
as a result of anthropogenic climate change. Here 
multi-mission radar altimetry sea level and surface 
 geostrophic current velocities, GRACE-derived ocean 
bottom pressure and GRACE-observed land and ice 
melt water mass fluxes, GOCE-measured geoid and 
MODT, mooring arrays, and data from tide gauges and 
Argo, collectively can establish a monitoring system to 
potentially monitor the present-day evolution of the 
AMOC. Another scientific application is to estimate 
strait and inter-ocean transport using the combined 
altimetry sea surface height and GRACE ocean bottom 
pressure data [48] and [53]. These applications are of 
fundamental interest to address research problems in 
oceanography [18] and climate change [19] and [21]. 
The improvement and the constraints of the GIA 
processes resulting from the Last Glacial Maximum 
and to a lesser extent, the Little Ice Age, have 
significant impact on accurate estimates of oceanic 
mass variation. It is recommended that the GIA 
forward models be improved and their error 
characteristics be quantified when they are used to 
correct GIA effects integrated (geodetic and in situ) 
measurements to quantify oceanic mass variations and 
global water cycles and their impact on ocean 
freshening and circulation. 
There are serious challenges to be sure. The GRACE 
measurements have demonstrated its importance for 
ocean monitoring. Now the gap between GRACE and 
the GRACE follow-on is seen as a critical problem. 
GRACE has a nominal mission life span of 5 years 
(2002–2007), however, its extraordinary performance 
provides an opportunity to extend its mission to 2013.  
The GRACE follow-on mission is expected to be 
launched in the 2017–2020 time frame.  There is a 
reasonable good chance that a GRACE Continuity 
mission to minimize the data gap between GRACE and 
its follow-on would be launched around 2015. It is 
recommended that the planned GRACE Continuity 
mission would have potential incremental 
improvements such as mitigation of temporal and 
spatial aliasing and improvement of spatial resolutions 
by flying more than one pairs of GRACE-type 
satellites in a constellation, at distinct inclinations and 
at lower altitudes. 
Much of the progress in ocean observation ultimately 
will depend on the success of the global geodetic 
community behind GGOS to maintain the accurate and 
long-term reference frame required for Earth 
observation. Continued refinements to the terrestrial 
reference frame depend on adequate coverage and 
collocation of geodetic techniques, including VLBI and 
satellite laser ranging. Closing the current large 
geographical gaps in the global network of core 
geodetic stations is therefore a high priority of GGOS, 
as is the identification and maintenance of the core 
geodetic infrastructure required for the determination 
of an ITRF that meets the requirements of global 
change research, including those of oceanography [46, 
Chapter 11]. The accuracy and stability of the ITRF, 
for example, have significant impacts on monitoring 
sea level change and are therefore affecting the 
determination of the absolute ocean circulation.  It is 
recommended that the drift of the ITRF be monitored 
to be <0.1 mm/yr. Finally, future satellite altimeters 
should be designed to meet at least the 0.3 mm/yr 
accuracy in global sea level needed for climate studies 
that is currently achieved by extensive post-flight 
calibration that takes months or sometimes years [8]. 
There are key in situ measurements that we will 
particularly value as part of the ocean observing 
system. These include: (1) independent observations of 
sea surface height (i.e. tide gauges, most equipped with 
GNSS receivers), that can validate and extend the 
satellite altimeter results (2) hydrography (e.g. Argo 
floats) that would extend the coverage and sampling to 
deep ocean (>2,000 m) and that validates and details 
the mass distribution changes inferred from satellite 
altimetry and gravity (3) in situ bottom pressure arrays, 
including those in the polar ocean, that validates the 
satellite gravity-based measurements and could 
improve our ability to de-alias the satellite gravity and 
altimetry data for tidal and other high frequency 
motions and (4) Lagrangian drifter measurements with 
which to compare velocity solutions over broad areas. 
It is recommended that the Argo arrays be enhanced to 
cover the commensurate observational sampling in the 
deeper part of the ocean (>2,000 m). 
Perhaps one of the most important outcomes of this 
white paper and OceanObs'09 would be the thorough 
integration of geodesy into the ocean observing system 
of the future. The ocean science community is on the 
verge of putting together a larger and ever improving 
array of observations. If geodetic techniques are an 
integral part of the observing system, the tools of 
geodesy can provide unprecedented spatial and 
temporal continuity to the physical observations and 
consequent insights into the behaviour of the world 
ocean. 
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